Achieving increased grain productivity has long been the overriding focus of cereal breeding programs. The ideotype approach has been used to improve rice yield potential at the International Rice Research Institute and in China. However, the genetic basis of yield-related traits in rice remains unclear. Here, we show that a major quantitative trait locus, qNPT1, acts through the determination of a 'new plant type' (NPT) architecture characterized by fewer tillers, sturdier culms and larger panicles, and it encodes a deubiquitinating enzyme with homology to human OTUB1. Downregulation of OsOTUB1 enhances meristematic activity, resulting in reduced tiller number, increased grain number, enhanced grain weight and a consequent increase in grain yield in rice. Unlike human OTUB1, Os-OTUB1 can cleave both K48-and K63-linked polyubiquitin. OsOTUB1 interacts with the E2 ubiquitin-conjugating protein OsUBC13 and the squamosa promoter-binding protein-like transcription factor OsSPL14. OsOTUB1 and OsSPL14 share common target genes, and their physical interaction limits K63-linked ubiquitination (K63Ub) of OsSPL14, which in turn promotes K48Ub-dependent proteasomal degradation of OsSPL14. Conversely, loss-of-function of OsOTUB1 is correlated with the accumulation of high levels of OsSPL14, resulting in the NPT architecture. We also demonstrated that pyramiding of high-yielding npt1 and dep1-1 alleles provides a new strategy for increasing rice yield potential above what is currently achievable.
Introduction
Rice feeds more than half the world's population, and improving the productivity of this grain is necessary for food security. Despite the major improvement in grain yield delivered by the exploitation of semi-dwarfism and heterosis [1] [2] [3] , increasing rice yield potential over that of existing elite cultivars is a major challenge for breeders [4] . In an effort to overcome the yield ceiling of current rice varieties, the ideotype approach has been proposed and used in breeding programmes to improve rice yield potential [4] [5] [6] [7] . Since the early 1990s, a number of 'new plant type' (NPT) rice varieties have been bred at the International Rice Research Institute (IRRI). The architecture of these plants differs from that of conventional varieties: they produce larger panicles and stronger culms and exhibit fewer sterile tillers. Although several NPT rice strains have been commercially released [6, 7] , the genetic basis of their phenotypes has been explained only at the level of quantitative trait loci (QTLs) [8] .
The grain yield of rice plants is multiplicatively determined by three main components (the number of panicles per plant, the number of grains per panicle and mean grain weight), all of which are controlled by a number of QTLs derived from natural variation. Several alleles that regulate these complex traits have been shown to improve the yield potential of rice: Gn1a, DEP1 and GNP1 regulate grain number [5, 9, 10] ; GS3, TGW6 and OsSPL16 regulate grain size [11] [12] [13] [14] ; and Ghd7, NAL1 and OsSPL14 regulate optimal plant architecture [15] [16] [17] [18] . However, the molecular mechanisms underlying how other QTLs regulate grain yield remain largely unknown. Thus, the identification of alleles improving grain productivity would facilitate the breeding of new high-yield rice varieties and may also be applicable to other crops.
Modification of DELLA proteins with ubiquitin was crucial for the success of the Green Revolution [19] . Ubiquitination usually occurs at lysine (K) side chains of a target protein through a process involving the coordinated action of an E1-ubiquitin-activating enzyme, an E2-ubiquitin-conjugating enzyme and an E3-ubiquitin ligase enzyme. The ubiquitin molecules within polyubiquitin chains can be linked through different lysine residues, but K48-and K63-linked polyubiquitinations are the most frequent modifications detected thus far. Ubiquitination is a reversible process that involves several deubiquitinating enzymes, which dissociate ubiquitin moieties from their protein substrates. Previous studies have shown that K63-linked ubiquitination and deubiquitination are critical post-translational regulatory mechanisms for the recruitment of repair proteins to sites of DNA double-strand breaks [20, 21] . Although human ovarian tumor domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1) was previously identified as a K48 linkage-specific deubiquitinating enzyme that positively regulates p53 stability [22] , OTUB1 strongly suppresses E2-ubiquitin-conjugating enzyme UBC13-dependent K63-linked ubiquitination [20, 21] . Recent structural and biochemical analyses have elucidated the mechanism underlying the inhibition of UBC13 and other E2 enzymes by OTUB1 [21] , but the molecular mechanisms driving the interplay between K48-and K63-linked deubiquitination by OTUB1 have not been completely explained.
Here, we show that a gene encoding a human OTUB1-like deubiquitinating enzyme functions as a key QTL responsible for OsSPL14-mediated control of the NPT architecture and is associated with reduced tiller number, increased lodging resistance and higher grain yield in rice.
Results

Identification of qNPT1, a major QTL associated with NPT rice
To investigate genes that regulate the NPT architecture, we constructed a set of 670 recombinant inbred lines (RILs) derived from a cross between the japonica rice variety Chunjiang06 (CJ06) and a selected NPT line (IR66167-27-5-1-6). Among these RIL populations, one line (RIL52) exhibited the NPT phenotypes, consisting of reduced tiller number per plant, enhanced grain number per panicle and thickened culm ( Figure 1A-1E ). Using single nucleotide polymorphism (SNP) and insertion-deletion polymorphism (Indel) genotyping methods, a QTL analysis of a recurrent backcross (BC 2 F 2 ) population, in which RIL52 was the donor parent and CJ06 was the recurrent parent, identified a major locus, qNPT1 (New Plant Type 1), as being pleiotropically responsible for the culm diameter, the tiller number per plant and the grain number per panicle ( Figure 1F ).
Positional cloning of qNPT1 was performed using BC 2 F 2 and BC 2 F 3 progenies developed from a backcross between RIL52 (the donor parent) and the indica variety Zhefu802 (the recurrent parent). Co-segregation analysis of BC 2 F 2 progeny suggested that a recessive qnpt1 allele from IR66167-27-5-1-6 was responsible for the NPT architecture. The candidate region was narrowed to an ~ 4.1 Kbp segment flanked by the markers P139 and P143, which harbors the promoter and part of the coding sequence of the gene at LOC_Os08g42540 ( Figure 1G ). The candidate gene is predicted to encode a deubiquitinating enzyme with homology to human OTUB1 (Supplementary information, Figure S1 ), a protein associated with the regulation of p53 stability and DNA damage repair [20] [21] [22] [23] . On this basis, LOC_Os08g42540 is hereafter referred to as OsOTUB1. A sequence comparison revealed five nucleotide variations could distinguish the alleles responsible for the NPT phenotypes vs the conventional phenotypes ( Figure 1H ); three of these variations were SNPs in intronic regions, whereas one was an Indel, and one was a SNP in the promoter region. However, these nucleotide sequence variations do not change the amino acid sequence of the protein product.
Downregulation of OsOTUB1 is correlated with NPT architecture
We next generated the near-isogenic line (NIL) ZH11-npt1, which harbors an ~ 240 Kbp segment including the npt1 allele from IR66167-27-5-1-6 in the background of the japonica rice variety Zhonghua11 (ZH11; Figure  2A ). Quantitative RT-PCR analysis revealed that the peak abundance of the OsOTUB1 transcript occurred in the shoot meristem and young panicles ( Figure 3A ). Histochemical promoter-GUS fusion assays showed that OsOTUB1 was strongly expressed in vascular tissue as well as in the root cap and quiescent centre cells (Sup- plementary information, Figure S2 ). The abundance of the OsOTUB1 transcript in ZH11-npt1 was lower than that in ZH11 ( Figure 3A ). The phenotypes of OsOTUB1 knockout mutants generated using CRISPR/Cas9 [24] ( Figure 2A and 2B), were similar to those of ZH11-npt1 plants, including reduced tiller number per plant, increased grain number per panicle, enhanced thousand-grain weight and a consequent increase in grain Loss-of-function mutations of OsOTUB1 generated via CRISPR/Cas9-based genome editing. The target sequence indicated by the green boxes is located on the reverse strand of OsOTUB1.1 shown in Figure 1G . The osotub1-C1 mutant harbors a 7-bp deletion (in red) that results in a premature stop codon. Data are shown as the mean ± SEM (n = 288). All phenotypic data were measured in paddy-grown plants under normal cultivation conditions. The presence of the same lowercase letter denotes a non-significant difference between means (P < 0.05). yield ( Figure 2C-2L ). In transgenic plants expressing pOsOTUB1::OsOTUB1-GFP, GFP signal was detectable in both the nucleus and the cytoplasm of root tip and leaf sheath cells (Supplementary information, Figure S3 ). Two alternatively spliced transcripts of OsOTUB1 were predicted utilizing the Rice Annotation Project Database ( Figure 1G ). The phenotypes of transgenic ZH11-npt1 plants expressing OsOTUB1.1 cDNA driven by its native promoter were similar to those of ZH11 plants, whereas plants expressing OsOTUB1.2 were similar to ZH11-npt1 plants (Figure 2A and 2C-2L). These results suggest that OsOTUB1.1 is functional, whereas OsOTUB1.2 is non-functional. In addition, the transgenic ZH11 plants over-expressing OsOTUB1.1 were dwarfed in stature ( Figure 4A ), set fewer grains and displayed leaf necrosis ( Figure 4B-4H ). Taken together, these results indicate that reduction-or loss-of-function alleles are associated with the formation of an ideotype architecture.
Pyramiding of npt1 and dep1-1 alleles enhances grain yield in rice.
Haplotype analysis revealed that the npt1 allele has not been exploited by rice breeders of elite indica and temperate japonica varieties ( Figure 1H ). Because the high-yielding dep1-1 allele has been heavily used by Chinese breeders [25, 26] , the effect of combining the Data are shown as the mean ± SEM (n = 60). All phenotypic data were measured in paddy-grown rice plants under normal cultivation conditions. The presence of the same lowercase letter denotes a non-significant difference between means (P < 0.05, panels F to H). npt1 and dep1-1 alleles was evaluated. NILs for allelic combinations of the qNPT1 and qDEP1 loci were generated in the elite japonica rice variety Wuyunjing7 that carries the NPT1 and dep1-1 alleles and is hereafter referred to as WYJ7-NPT1-dep1-1. The WYJ7-npt1-dep1-1 and WYJ7-NPT1-dep1-1 plants did not differ from one another with respect to the heading date and plant height ( Figure 3B , 3E and 3F), whereas WYJ7-npt1-dep1-1 plants formed fewer tillers and set a larger number of heavier grains than WYJ7-NPT1-dep1-1 plants ( Figure 3G-3J ). The shoot apical meristems formed in WYJ7-npt1-dep1-1 plants were larger than those formed in WYJ7-NPT1-dep1-1 plants ( Figure  3K ), which implied that npt1 and dep1-1 acted synergistically to enhance meristematic activity [5] . The WYJ7-npt1-dep1-1 plants were also characterized by a greater number of vascular bundles, thicker culm, parenchyma and sclerenchyma cell walls ( Figure 3L-3N ). Importantly, over three successive seasons, the overall grain yield of the WYJ7-npt1-dep1-1 plants was 10.4% higher than that of the WYJ7-NPT1-dep1-1 plants ( Figure 3O ). Therefore, pyramiding of the npt1 and dep1-1 alleles represents an effective means of boosting grain yield in rice.
OsOTUB1 has canonical deubiquitinase activity
Given the predicted deubiquitinase activity of Os-OTUB1, we next examined its ability to cleave linear K48-and K63-linked tetra-ubiquitin. Consistent with the behaviour of its human homologue, OsOTUB1 showed strong cleavage activity when presented with K48-linked tetra-ubiquitin [27, 28] , but unlike OTUB1, it also displayed a moderate level of activity when presented with K63-linked forms ( Figure 5 ). ZH11-npt1 plants expressing either OTUB1 or its orthologue from mouse, maize or barley under the control of the rice Actin promoter exhibited phenotypes indistinguishable from those of ZH11 plants or transgenic ZH11-npt1 plants expressing OsO-TUB1.1 (Supplementary information, Figure S4 ). These results suggest that OsOTUB1 and its orthologues from the four examined species are functionally interchangeable.
OTUB1 is a deubiquitinating enzyme that forms a complex in vivo with E2 ubiquitin-conjugating enzymes. The OTUB1 protein interacts directly with the E2 ubiquitin-conjugating protein UBC13 and prevents ubiquitin transfer, thereby inhibiting double-strandbreak-induced chromatin ubiquitination [20, 21] . Similarly, interactions were detected in vitro and in vivo between the rice OsOTUB1 and OsUBC13 proteins ( Figure  6A 
OsOTUB1 interacts with SPL transcription factors
A yeast two-hybrid screen targeting proteins that interact with OsOTUB1 identified 72 candidate interactors (Supplementary information, Table S1 ), including a rice homologue of the SQUAMOSA promoter-binding protein-like (SPL) transcription factor OsSPL14, which is known to control plant architecture associated with reduced tiller number, thickened culm and enhanced grain number [17, 18] . Bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation assays showed that the OsSPL14-OsOTUB1 interaction clearly occurred in planta ( Figure 7A and 7B). A deletion analysis revealed that the conserved squamosa promoter-binding protein (SBP) domain was both necessary and sufficient for the in vitro and in vivo interactions ( Figure  7A and Supplementary information, Figure S5 ). Furthermore, BiFC assays demonstrated that OsOTUB1 was able to interact with the full set of rice SPL transcription factors (Supplementary information, Figure S6 ), consis- tent with data showing that the abundance of OsSPL7 [29] , OsSPL13 [30] , OsSPL14 [17, 18] or OsSPL16 [13, 14] transcript is correlated with one or multiple of the following phenotypes: reduced tiller number, increased grain number and enhanced grain weight [31] .
Previous studies have shown that rice plants carrying the OsSPL14 WFP allele display increased expression of OsSPL14 [18] . We found that the presence of either the npt1 or OsSPL14 WFP allele was associated with the formation of the NPT architecture, whereas the phenotypes of ZH11-npt1 plants in which OsSPL14 had been silenced by RNAi were similar to those of ZH11 plants ( Figure  7C-7H ). This result suggests that the NPT architecture of the npt1 allele is dependent on the function of OsSPL14. Comparative RNA-seq-based transcriptomic analysis of ZH11, ZH11-npt1 and ZH11-OsSPL14 WFP revealed that the transcript levels of 453 common target genes were higher in both ZH11-npt1 and ZH11-OsSPL14 WFP than in ZH11 ( Figure 8A and Supplementary information, Table  S2 ), which was validated using quantitative real-time PCR (qRT-PCR) [14, 30, 32] . In contrast, the abundances of the examined target genes were greatly reduced in ZH11-npt1 plants in which OsSPL14 was silenced (Figure 8B) . EMSAs revealed that the OsOTUB1-OsSPL14 interaction was unlikely to affect the binding affinity of OsSPL14 for its target GTAC motifs (Supplementary information, Figure S7 ). Taken together, these results reveal that OsOTUB1 and OsSPL14 act antagonistically to control plant architecture by regulating a common set of target genes.
Effect of OsOTUB1-dependent K63-linked ubiquitination on OsSPL14 protein stability
There was no difference in the abundance of the Os-SPL14 transcript between ZH11 and ZH11-npt1 ( Figure  7E ), but the accumulation of OsSPL14 was much higher in the latter genotype ( Figure 9A ). When exposed to the proteasome inhibitor MG132, OsSPL14 accumulation was obviously increased in ZH11 ( Figure 9B) . These results suggest that OsOTUB1 (unlike OTUB1, which regulates the stability of p53 and SMAD proteins [22, 23] ) promotes the degradation of OsSPL14. When lysates prepared from young panicles of ZH11 were challenged with GST-OsSPL14, the amount of GST-OsSPL14 decreased over time, but GST-OsSPL14 degradation was inhibited when an MG132 treatment was included (Figure 9C) . The stable accumulation of GST-OsSPL14 was higher when the lysates were prepared from ZH11-npt1 than from ZH11 panicles, whereas the degradation of GST-OsSPL14 was accelerated in lysates from ZH11-npt1 panicles in the presence of His-OsOTUB1 ( Figure  9C ). Western blotting analysis showed that it was possible to detect polyubiquitinated forms of Myc-OsSPL14 immunoprecipitated from young panicles using antibodies that recognize total ubiquitin, K48-linked polyubiquitin or K63-linked polyubiquitin ( Figure 9D ). The implication of these results is that OsSPL14 is modulated by both K48-and K63-linked ubiquitination [33] .
The analysis was extended to investigate endogenous E3 ligase-mediated ubiquitination of OsSPL14. In the presence of WT ubiquitin, treating rice protoplasts expressing Flag-OsSPL14 with MG132 resulted in enhanced accumulation of polyubiquitinated Flag-Os-SPL14; however, in the presence of K48R-ubiquitins, there was no perceptible effect of MG132 treatment on the accumulation of polyubiquitinated Flag-OsSPL14 ( Figure 9E ). This observation is consistent with the notion that K48-linked ubiquitination (K48Ub) of OsSPL14 is required for its proteasome-mediated degradation. In the presence of Myc-OsOTUB1.1, the amount of ubiquitinated Flag-OsSPL14 was clearly lower in the presence of either K48R or K63O mutant ubiquitins, but it remained unaffected in the presence of either K48O or K63R mutant ubiquitins ( Figure 9F ). Moreover, Myc-Os-OTUB1.1 promoted the degradation of Flag-OsSPL14 only in the presence of WT, K63O or K48R ubiquitins ( Figure 9F) , indicating that the stabilization of OsSPL14 is correlated with K63-linked ubiquitination. Collectively, these results suggest that OsOTUB1-mediated inhibition of the K63-linked ubiquitination of OsSPL14 is required for its proteasome-dependent degradation.
Discussion
Because of the rapid increase in world population and the gradual decrease in arable land, food shortage is becoming a serious global problem. Improvement of grain productivity has been the key focus of rice breeding programmes in many countries over the past 50 years. There have been two quantum leaps regarding the grain yield potential of rice [4] . The first was brought about by the development of semi-dwarf varieties in the late 1950s in China and in the early 1960s at the IRRI [1, 2] . The second leap in the improvement of yield potential was conferred by the exploitation of heterosis in the 1970s in China [3] . To overcome the yield ceiling of current rice varieties, an 'ideotype approach' to improve yield potential via selection for optimal plant architecture has been proposed in rice breeding programmes in China and at the IRRI [4] .
Since the 1980s, China's 'super' rice breeding project has developed a number of high-yielding japonica rice varieties whose architecture is characterised by dense and erect panicles, which is controlled by the DEP1 locus [5] . Rice plants carrying a gain-of-function dep1-1 allele display dense and erect panicle architecture, increased number of grains per panicle and increased grain yield [25] . In the late 1980s and early 1990s, IRRI scientists proposed NPT rice, whose architecture is characterized by larger panicles, fewer sterile tillers and stronger culms than conventional varieties [4] . Although several NPT rice strains have been released as commercial varieties, the genetic basis of the NPT traits has only been explained as being associated with a QTL, without any understanding of the underlying molecular mechanism [6] [7] [8] .
In this study, we showed that a major QTL, qNPT1, is responsible for the NPT architecture, and it encodes a deubiquitinating enzyme with homology to human OTUB1. Our results suggest that downregulation of OsOTUB1 enhances meristematic activity ( Figure 3K) , resulting in the formation of an improved plant architecture with reduced tiller number per plant, increased grain number per panicle, enhanced grain weight and a consequent increase in grain yield (Figure 2) . Similar results were observed in OsOTUB1 loss-of-function plants (Figure 2) . In contrast, constitutive expression of Os-OTUB1 resulted in fewer grains per panicle, indicating that OsOTUB1 plays a negative role in the regulation of panicle branching and grain yield in rice. In addition, we showed that the rice OsOTUB1 gene and its orthologues from other cereal crops are functionally interchangeable. Therefore, manipulation of the transcript level of OsO-TUB1 orthologues in other cereal crops through genome engineering using the CRISPR/Cas9 system may also be applicable to facilitation of the breeding of new varieties that can increase crop production.
A haplotype analysis of the NPT1 locus revealed that the npt1 allele from the NPT rice strains has not been used to breed elite indica and temperate japonica varieties. Because the high-yielding dep1-1 allele has been widely used in japonica rice breeding programmes in China [5, 25] , we employed QTL pyramiding based on combinations of the npt1 and dep1-1 alleles with molecular marker-assisted selection. Introduction of the npt1 allele into the high-yielding rice variety WYJ7 carrying the dep1-1 allele resulted in increased grain productivity, without changes in plant height (Figure 3) . These results indicate that the npt1 allele is correlated with the formation of the NPT architecture, resulting in larger panicles, fewer sterile tillers and stronger culms. More importantly, we demonstrated that pyramiding of the high-yielding npt1 and dep1-1 alleles represents a new strategy for increasing rice yield potential above what is currently achievable.
The human OTUB1 protein functions as an atypical deubiquitinating enzyme [20, 21] , with strict specificity for K48-linked ubiquitin chains, and stabilizes its target proteins, such as p53 and SMAD2/3 [22, 23] . Unlike OTUB1, the rice OsOTUB1 protein exhibits detectable cleavage activity for both K48-linked and K63-linked ubiquitin chains. Furthermore, OsOTUB1 genetically and physically interacts with the E2 ubiquitin-conjugating protein OsUBC13, and OsOTUB1 exhibits canonical deubiquitinase activity. Previous studies have shown that higher expression of OsSPL14 inhibits shoot branching but promotes panicle branching, resulting in an ideal plant architecture with respect to reduced tiller number, increased grain number and thickened culm [17, 18] . In addition, the RING-finger E3 ligase IPI1 modulates the stability of OsSPL14 by adding K48-linked polyubiquitin chains during the reproductive stage and K63-linked polyubiquitin chains during the vegetative stage [33] . We report here that OsOTUB1 interacts directly with the full set of rice SPL transcription factors. Our results suggest that K48-linked ubiquitination of OsSPL14 is required for its proteasome-mediated degradation, but OsOTUB1 could limit the K63-linked ubiquitination of OsSPL14 and promote the K48Ub-dependent proteasomal degradation of OsSPL14. In mammalian cells, ESCRT0 protein complexes have been shown to selectively associate with K63-linked chains and block their binding to 26S proteasomes [34] . Further studies will be essential to define the fate of nuclear K63-ubiquitinated OsSPL14 at various developmental stages and to reveal whether similar mechanisms involved in specific ubiquitin-binding domain proteins protect these conjugates from proteasomal degradation, as occurs in the cytosol of mammalian cells.
In summary, our results reveal that OsOTUB1 promotes the proteasomal degradation of OsSPL14, and reduced expression or loss-of-function of OsOTUB1 results in increased accumulation of OsSPL14, which in turn defines the NPT architecture associated with increased grain yield. Indeed, the miR156-targeted SBP domain transcription factors play important roles in the regulation of stem cell function and flowering in plants [35] [36] [37] . Non-canonical OsOTUB1-mediated regulation of SBP domain transcription factors establishes a new framework for studying meristem cell fate, inflorescence architecture and flower development. Our findings shed light on the molecular basis of an ideotype approach in breeding programmes. Manipulation of the miR156-Os-SPL14-OsOTUB1 regulatory module also provides a potential strategy for facilitating the breeding of new rice varieties with higher grain productivity.
Materials and Methods
Plant materials and growing conditions
A population of 670 RILs was bred from a cross between the Chinese temperate japonica rice variety Chunjiang06 and the NPT selection IR66167-27-5-1-6. The rice accessions used for sequence diversity analysis have been described elsewhere [13, 25] . NIL plants carrying npt1, OsSPL14 WFP [18, 38] , or allelic combinations of the qNPT1 and qDEP1 loci were bred by crossing RIL52 seven times with either Zhonghua11 or Wuyunjing7. Paddy-grown plants were spaced 20 cm apart and were grown during the standard growing season at three experimental stations: one in Lingshui (Hainan Province), one in Hefei (Anhui Province) and one in Beijing. The primer sequences used for positional cloning and genotyping analysis are provided in Supplementary information, Table  S3 .
Transgene constructs
The OsOTUB1.1 and OsOTUB1.2 coding sequences and their UTRs (5ʹ: from the transcription start site to −2.5 Kbp; 3ʹ: 1.5 Kbp downstream of the termination site) were amplified from ZH11 genomic DNA and introduced into the pCAMBIA2300 vector (CAMBIA) to generate pOsOTUB1.1::OsOTUB1.1 and pOsO-TUB1.2::OsOTUB1.2. The full-length cDNAs of OsOTUB1 and its orthologues from other species (e.g., human, mouse, barley and maize) were amplified from the relevant cDNA template and then subcloned into the pActin::nos vector [25] , while OsOTUB1.1 cDNA and its 5ʹUTR was introduced into the p35S::GFP-nos vector [22] to generate the pOsOTUB1.1::OsOTUB1.1-GFP-nos construct. To generate pCaMV35S::OsUBC13, the full-length cDNA of OsUBC13 was amplified from a ZH11 cDNA template and cloned into the pCaMV35S::nos vector. To generate pCaM-V35S::Myc-OsSPL14, OsSPL14 cDNA was amplified from a ZH11 cDNA template and cloned into pCaMV35S::Myc-nos. The gRNA constructs for the CRISPR/Cas9-mediated knockout of OsOTUB1 were generated as described elsewhere [24] . A 300 bp fragment of OsSPL14 cDNA and a 300 bp fragment of OsUBC13 cDNA were amplified from ZH11 cDNA and used to construct the pActin::RNAi-OsSPL14 and pCaMV35S::RNAi-OsUBC13 transgenes as described elsewhere [25] . The transgenic rice plants were generated via Agrobacterium-mediated transformation as previously described [5] . The relevant primer sequences are presented in Supplementary information, Table S4 .
Quantitative real-time PCR analysis
Total RNA was extracted from plant tissues using the TRIzol reagent (Invitrogen), and treated with RNase-free DNase I (Invitrogen) according to the manufacturer's protocol. The resulting RNA was reverse-transcribed using a cDNA synthesis kit (TRANSGEN). Subsequent qRT-PCR was performed as described elsewhere [13] , including three independent RNA preparations as biological replicates. The rice Actin1 gene was employed as a reference. The relevant primer sequences are presented in Supplementary information, Table S4 .
Yeast two-hybrid assays
Yeast two-hybrid assays were performed as described elsewhere [14, 22] . The full-length OsOTUB1.1 cDNA and an Os-OTUB1 C-terminal fragment were amplified from ZH11 cDNA and inserted into pGBKT7 (Takara Bio Inc.), and the full-length OsUBC13 cDNA and a C-terminal fragment of OsSPL14 were inserted into pGADT7 (Takara Bio Inc.). Each of these plasmids was validated by sequencing before being transformed into yeast strain AH109. The β-galactosidase assays were performed according to the manufacturer's protocol (Takara Bio Inc.). Cells harboring either an empty pGBKT7 or an empty pGADT7 were used as negative controls. The entire OsOTUB1 sequence or a C-terminal fragment were used as the bait to screen a cDNA library prepared from poly(A)-containing RNA isolated from rice young panicles (< 0.2 cm in length). The experimental procedures for screening and plasmid isolation followed the manufacturer's protocol (Takara Bio Inc.). The relevant primer sequences are listed in Supplementary information, Table S4 .
BiFC assays
The full-length cDNAs of OsOTUB1.1, OsUBC13, OsSPL1 through OsSPL13 and OsSPL15 through OsSPL19, along with both deleted and non-deleted versions of OsSPL14, were amplified from ZH11 cDNA, and the amplicons were inserted into the pSY-735-35S-cYFP-HA or pSY-736-35S-nYFP-EE vector [39] to generate a set of fusion constructs. Two vectors for testing protein-protein interactions (e.g., nYFP-OsSPL14 and cYFP-Os-OTUB1) were then co-transfected into rice protoplasts. After incubation in the dark for 14 h, the YFP signal was examined and photographed under a confocal microscope (Zeiss LSM710) as described elsewhere [25] . Each BiFC assay was repeated at least three times. The relevant primer sequences are listed in Supplementary information, Table S4 .
In vitro pull-down
The recombinant GST-OsOTUB1 fusion protein was immobilized on glutathione Sepharose beads and incubated with His-Os-UBC13 for 30 min at 4 °C. The glutathione Sepharose beads were subsequently washed three times, followed by elution with elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0). The supernatant was subjected to immunoblotting analysis using anti-His and anti-GST antibodies (Santa Cruz).
Co-immunoprecipitation and western blotting
Myc-OsSPL14 was extracted from young panicles (< 0.2 cm in length) of transgenic ZH11 plants harboring pActin::Myc-Os-SPL14 using a buffer composed of 50 mM HEPES (pH 7.5), 150 mM KCl, 1 mM EDTA, 0.5% Triton-X 100, 1 mM DTT and a proteinase inhibitor cocktail (Roche LifeScience, Basel, Switzerland). Agarose-conjugated anti-Myc antibodies (Sigma-Aldrich) were then added, and the reaction was held at 4 °C for at least 4 h, followed by washing 5~6 times with TBS-T buffer and elution with 2× loading buffer. The obtained immunoprecipitates and lysates were subjected to SDS-PAGE, and the separated proteins were transferred to a nitrocellulose membrane (GE Healthcare). The Myc-OsSPL14 fusion proteins were then detected by probing the membrane with an anti-Myc antibody (Santa Cruz), and polyubiquitinated forms were detected by probing with antibodies that recognize total ubiquitin conjugates, antibodies that specifically recognize K48-polyubiquitin conjugates, or antibodies that specifically recognize K63-polyubiquitin conjugates (Abcam).
Analysis of OsSPL14 degradation
Lysates obtained from young panicles (< 0.2 cm in length) harvested from ZH11 and ZH11-npt1 plants were incubated with appropriate recombinant GST-OsSPL14 fusion protein in the presence or absence of the recombinant His-OsOTUB1 fusion protein.
Protein was extracted from lysates that had either been exposed or not to 50 µM MG132 for a series of incubation times and then subjected to SDS-PAGE and western blotting using an anti-GST antibody (Santa Cruz). As a loading control, the abundance of HSP90 was detected by probing with an anti-HSP90 antibody (BGI). The lysis buffer contained 25 mM Tris-HCl (pH 7.5), 10 mM NaCl, 10 mM MgCl 2 , 4 mM PMSF, 5 mM DTT and 10 mM ATP as described elsewhere [40] .
Linear K48-and K63-linked tetra-ubiquitin cleavage assays
An ~1 µg aliquot of recombinant GST-OsOTUB1.1, GST-Os-OTUB1.2 or OTUB1 was added to 20 µL of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5 mM dithiothreitol containing 2.5 µg of linear K48-and K63-linked tetra-ubiquitin (Boston Biochem) and held for 1 h at 37 °C. The reaction products were analysed via western blotting using an anti-ubiquitin antibody (Abcam) as described elsewhere [27] .
Analysis of in vitro ubiquitination
Rice protoplasts prepared from young panicles of ZH11-npt1 plants (< 0.2 cm in length) were transfected with the plasmids pUC19-35S-Flag-OsSPL14-RBS [41] and pUC19-35S-HA-Ubiq-RBS (HA-tagged ubiquitin (WT), K48R (K48 mutated to arginine), K63R (K63 mutated to arginine), K48O (ubiquitin with only K48, with the other lysine residues mutated to arginine), or K63O (ubiquitin with only K63, with the other lysine residues mutated to arginine)), in the presence or absence of the pUC19-35S-Myc-OsOTUB1-RBS plasmid. After 15 h, the protoplasts were lysed in extraction buffer (50 mM Tris-HCl (pH 7.4), 150 mM KCl, 1 mM EDTA, 0.5% Triton-X 100, 1 mM DTT) containing a proteinase inhibitor cocktail (Roche LifeScience). The resulting lysates were incubated with agarose-conjugated anti-Flag antibodies (Sigma-Aldrich) for at least 4 h at 4 °C, then rinsed 5-6 times in extraction buffer and eluted with 3× Flag peptide (Sigma-Aldrich). The obtained immunoprecipitates were separated via SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare), which was used for western blotting analysis with anti-HA and anti-Flag conjugate antibodies (Sigma-Aldrich).
Statistical analysis
Statistical analysis was performed by one-way ANOVA or unpaired Student's t-test. P-values of < 0.05 were considered to indicate statistical significance. Statistical calculations were performed using Microsoft Excel 2010.
